ABSTRACT A direct electron transfer-type glucose sensor was constructed using a bacterial membrane-bound thermostable periplasmic glucose dehydrogenase complex (FADGDH), which was composed of a FAD-containing catalytic subunit, a cytochrome c subunit containing heme c as the electron transfer unit, and a chaperone-like subunit. To allow for subcutaneous insertion of the electrode, a stainless-based needle-type miniaturized electrode having the same diameter as a 30-G needle (0.3 mm) was designed. To achieve high current density, we investigated the use of carbon nanoparticles with various surface areas as sensor components. The current density correlated well with the surface area of the carbon nanoparticles, and Ketjen Black was found to be the best carbon nanoparticle in combination with FADGDH. The sensor responded quickly to glucose and demonstrated potential application for monitoring glucose levels in vivo.
Introduction
Self-monitoring of blood glucose (SMBG) is an important component of modern therapy for diabetes mellitus. Therefore, portable handheld devices that measure blood glucose levels have been designed to allow people with diabetes to conveniently measure their blood glucose levels even when away from home. Now, it is not only necessary to periodically monitor blood glucose but 24/7 availability of glycemic level is also required. This is achieved by the development of a continuous glucose monitoring system (CGM), a subcutaneously implanted glucose sensor that monitors the glucose level of interstitial fluid, which is correlated with the blood glucose level. The CGM system is expected to be an ideal device for diabetic patients because it can monitor real-time changes in glycemic levels, making rapid detection of hypoglycemia possible.
Principally, the CGM system uses glucose oxidase (GOD)-based technology, which electrochemically monitors hydrogen peroxide liberated by the consumption of dissolved oxygen (Fig. 1A) . However, oxygen sensitivity is an inherent property of GOD. In contrast, glucose dehydrogenases (GDHs) are the major enzymes employed by SMBG technology because of their high catalytic efficiency and oxygen insensitivity. However, for transferring electrons to electrodes, GDH inevitably requires an artificial electron mediator containing low molecular weight toxic metal-complexed compounds, which limits the application of GDHs for CGM because of its in vivo use. Therefore, a direct electron transfer-type GDH is preferable for use in CGM systems.
We have investigated the screening and engineering of enzymes that are suitable for glucose sensors. We have previously reported the screening, characterization, and recombinant expression of FADbinding glucose dehydrogenase (FADGDH) from Burkholderia cepacia.
17 FADGDH is composed of 3 subunits: A subunit, a catalytic subunit that harbors FAD at its redox center; C subunit, which functions as a chaperone; and B subunit, a multi-heme electron transfer subunit that facilitates electron transfer between the active-site co-factor and the artificial electron mediator. All the structural genes encoding these subunits have been successfully cloned and expressed in Escherichia coli, thereby facilitating the preparation of recombinant FADGDH complex. 1, 4 We previously focused on the superior characteristics of FADGDH and reported the construction of several glucose sensing systems. A mediator-type amperometric glucose sensor has been constructed using the GDH complex. The resulting GDH compleximmobilized electrode showed good operational and storage stability. 2 Because of its high catalytic activity, construction of a mediator-type glucose sensor strip requiring a minimal sample volume and having the shortest measurement time in comparison to other currently available glucose sensors was possible. FADGDH is a thermostable FAD binding glucose dehydrogenase and insensitive to oxygen. Unlike other reported glucose sensing enzymes, FADGDH has an electron transfer subunit that it is capable of direct electron transfer with the electrode. All these characteristics are ideal for application in the CGM system (Fig. 1B) . As such, we constructed a direct electron transfer-type compartment-less fuel cell and fuel cell-type glucose sensor with a wireless transmitter system for CGM.
9,10 Furthermore, we constructed a direct electron transfertype amperometric glucose sensor by employing FADGDH in a flow system. 11 The quick response and high stability of the electrode employing FADGDH makes it a promising candidate for the CGM system.
In this study, we aimed to construct a direct electron transfer-type amperometric glucose sensor by employing FADGDH with a miniaturized needle-type electrode combined with a wireless transmitter system, which is the ideal CGM construct.
Materials and Methods

Materials
Recombinant FADGDH was prepared using the expression vector pTrc99A (GE Healthcare [formerly Pharmacia], Uppsala, Sweden), which contains the structural gene for the GDH complex (pTrcCAB), and pAYCYC184, which contains the structural genes for cytochrome c maturation, ccm (pEC86), were transferred into E. coli strain BL21(DE3) and cultivated as described previously. 4 FADGDH activity was measured using 0.6 mM phenazine methosulphate (PMS) and 0.06 mM 2,6-dichlorophenolindophenol (DCIP). The enzyme activity was determined by measuring the decreased absorbance of DCIP at 600 nm. W-311N, W-310A, and W-370C Lion pastes were kindly provided by Lion (Tokyo, Japan). Ketjen Black (ECP600JD) was purchased from Mitsubishi Chemical (Tokyo, Japan). VULCAN XC-72 was kindly provided by Cabot (Boston, MA, USA). DENKA BLACK was also kindly provided by Denki Kagaku Kogyo Kabushiki Kaisya (Tokyo, Japan). Glutaraldehyde solution (25%, w/v) was purchased from Wako Pure Chemicals (Osaka, Japan). Nafion, a perfluorinated resin solution, was purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of reagent grade.
Enzyme electrode preparation
Ketjen Black ink, VULCAN ink, or Denka Black ink was made by mixing 100 mg Ketjen Black, VULCAN, or DENKA BLACK, 1200 µL 5% Nafion and 200 µL MilliQ water. Each carbon-enzyme ink is a mixture of the carbon ink, 100 mM potassium phosphate buffer (PPB) (pH 7.0), and 4.6 U µL ¹1 (255 U mg ¹1 protein) FADGDH at a mass ratio of 1:3.8:3.2. Lion paste enzyme ink was prepared by mixing Lion paste, 100 mM PPB (pH 7.0), 4.6 U µL ¹1 (255 U mg ¹1 protein) FADGDH, and 5% Nafion at a mass ratio of 1:4:4:1. Before modification, the glassy carbon electrode (3-mm inner diameter; BAS Inc., West Lafayette, IN, USA) was polished using 0.05 µm diameter alumina powder. Carbon-enzyme ink (5 µL) was deposited onto the electrode surface. A miniaturized needle-type electrode made of a polyurethane insulated stainless wire (inner diameter, 0.1 mm; outer diameter, 0.3 mm; custom made by Unique Medical, Tokyo, Japan) was coated at the tip with the Lion Paste enzyme ink. After drying in air at 4°C for 2 h, these enzyme electrodes were cross-linked under 1% (v/v) glutaraldehyde solution for 30 min and then washed with 10 mM Tris-HCl (pH 7.0). The electrodes were washed with 100 mM PPB (pH 7.0) and stored at 4°C until use.
2.3
Electrochemical measurements by using carbon-enzyme ink immobilized glassy carbon electrode Amperometric measurements were performed at +250 mV vs. Ag/AgCl in a 3-electrode system (carbon-enzyme ink immobilized glassy carbon working electrode, Ag/AgCl reference electrode [model RE-1; BAS], and a Pt wire counter-electrode) by using an HZ3000 electrochemical analyzer (Hokuto Denko, Tokyo, Japan).
The enzyme electrode, reference electrode, and counter-electrode were attached to a 10-mL water-jacket cell (model VC-2; BAS) through holes in the Teflon μ cover. In the cell, 100 mM PPB (pH 7.0) was stirred at 150 rpm with a magnetic stirrer at 37°C. The glucose concentration in the water-jacket cell was increased by adding a stock solution of glucose into the cell and decreased by removing calculated volumes of the solution from the cell and adding 100 mM PPB (pH 7.0). After their background currents were stabilized, steady-state current values were investigated when the glucose solution was added to the cell or when the solution in the cell was removed and buffer was added to the cell.
2.4 Electrochemical measurements by using needle-type miniaturized electrode Amperometric measurements were performed at +400 mV vs. Ag/AgCl in a 3-electrode system (carbon-enzyme ink immobilized needle-type miniaturized electrode as a working electrode, stainless steel needle-type miniaturized electrode as a counter-electrode, and an Ag/AgCl reference electrode [model RE-1; BAS]) by using the HZ3000 electrochemical analyzer.
Amperometric measurements of the needle-type miniaturized electrode were also performed in a 2-electrode system by using a wireless potentiostat (3120RH; Pinnacle Technology, Inc., Lawrence, KS, USA). The needle-type miniaturized electrode was attached to a 10-mL water-jacket cell (model VC-2; BAS) through holes in the Teflon μ cover. In the cell, 100 mM PPB (pH 7.0) was stirred at 150 rpm with a magnetic stirrer at 37°C. The enzyme electrode was connected to the working electrode port of the wireless potentiostat. The stainless steel counter-electrode of the needle-type miniaturized electrode was connected to the counterelectrode port of the wireless potentiostat. Next, 400 mV was applied between the 2 electrodes. The dependence of the current was investigated in the same manner as described above. A response current of 030 mM glucose (up) was presented as ¦current = (steady-state current at each glucose concentration) ¹ (steady-state current at 0 mM glucose). A response current of 300 mM glucose (down) was presented as ¦current = (steady-state current at 30 mM glucose [up]) ¹ (steady-state current at 30 mM glucose ¹ steadystate current at each glucose concentration).
Results and Discussion
3.1 Investigative use of carbon nanoparticles to achieve high current density Considering that the CGM sensor must be inserted subcutaneously, the sensor electrode should be miniaturized. However, the current density generated by the combination of FADGDH and the conventional 7-µm diameter carbon black is very low to develop such miniaturized enzyme electrodes. To achieve a high current density, we investigated the use of carbon nanoparticles as a sensor component. There are 3 carbon nanoparticles®Ketjen Black, VULCAN, and DENKA BLACK®that have almost the same particle size but different surface areas. We constructed direct electron transfer-type amperometric glucose sensors that have a FADGDH and carbon nanoparticle mixture immobilized on glassy carbon electrodes as the working electrode and a Pt wire as the counter-electrode. Figure 2 shows the dependence of the current generated by each enzyme electrode on the glucose concentration. The current density generated by the enzyme electrode constructed using conventional 7-µm-diameter carbon black was only 180 nA mm ¹2 for the physiological glucose concentration (³5 mM). In contrast, the enzyme electrode constructed with Ketjen Black showed the highest current density, i.e., 1740 nA mm ¹2 for 5 mM glucose.
Electrochemistry, 80(5), 375378 (2012) Figure 3 shows the correlation between the current density generated by each enzyme electrode for 5 mM glucose and the surface area of the carbon nanoparticles. The current density correlated well with the surface area of the carbon nanoparticles. Therefore, these results indicate that for increasing the current density, it is important to combine FADGDH with carbon nanoparticles having large surface areas.
3.2 Needle-type miniaturized amperometric glucose sensor based on FADGDH Considering the subcutaneous insertion of the electrode, a needle-type miniaturized electrode assembly was designed with a diameter of 0.3 mm, which could be inserted into a 30-G needle (Fig. 4) . Both the working electrode and the counter-electrode were located on the miniaturized electrode. The Lion paste and FADGDH were immobilized on the working electrode. The measurements were first made using a 3-electrode system with a wired potentiostat. The sensor responses and the calibration curves are depicted in Figs. 5A and 5B. The sensor responded to glucose concentrations from 0.5 mM onward, and maximum signal was achieved at a glucose concentration of 30 mM. The sensor signal reached 70% of a steady-state current within 20 seconds after sample injection. When the glucose concentration increased from 0 to 30 mM (closed circle) and when it decreased from 30 to 0 mM (open circle), a corresponding change was observed in the current.
Measurements with the miniaturized electrode were conducted using a wireless system. The wireless measurement system was constructed using a wireless potentiostat (Pinnacle Technology Inc. Lawrence, KS, USA) and employed a 2-electrode system, a receiver, and a personal computer. Before the wireless sensing, we investigated the performance of the 2-electrode system by using a typical "wired" potentiostat, i.e., the HZ3000 electrochemical analyzer. The stainless steel counter-electrode of the miniaturized electrode was connected to both the counter-electrode port and the reference electrode port of the potentiostat, and a 400-mV vs. reference electrode port was applied. The current response to glucose was also well observed; however, it was approximately 20% of that recorded using the 3-electrode system (data not shown). The 2-electrode system lacks an accurate reference electrode such as the Ag/AgCl electrode. In addition, the electron flow in the stainless steel electrode may cause instability of the stainless steel electrode Electrochemistry, 80(5), 375378 (2012) potential. Therefore the apparent applied potential may have been <400 mV vs. that of Ag/AgCl. In addition to the lower response of the 2-electrode system, combination with the nanoparticles, which resulted in a high current density, made the response current large enough to measure blood glucose. Therefore, we attempted to utilize the wireless glucose sensing system. Sensor responses and calibration curves are depicted in Figs. 6A and 6B. The sensor responded to glucose concentrations from 0.5 mM onward, and a maximum signal was achieved at a glucose concentration > 15 mM. The sensor signal reached 70% of the steady-state current within 20 seconds after sample injection. These features were almost the same as those observed in the 3-electrode system. The sensor response to glucose was approximately 20% of that observed for the 3-electrode system and almost the same level as that observed for the wired 2-electrode system, suggesting no significant problem with the wireless system. In our study, there was only a 7% difference in the current response to 2.5 mM glucose when the glucose concentration was increased (9.7 nA) and decreased (9.0 nA). Considering that approximately 2 mM of glucose in the blood is critical for the detection of hypoglycaemia, our enzyme electrode system has sufficient potential to monitor glucose levels in vivo.
Conclusion
In this study, we found that the combined use of FADGDH and Ketjen Black, carbon nanoparticles with large surface areas, showed high current density. By using this combination, we were able to construct a wireless CGM system containing a miniaturized electrode with a 0.3-mm diameter. 
